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Abstract—Carrier phase positioning (CPP) is widely used in
satellite system applications, enabling centimeter-level localization
accuracy. Recently, CPP is gaining attraction also in terrestrial
mobile networks, particularly in 5G New Radio (NR) evolution
toward 6G. One key challenge is to resolve the so-called integer
ambiguity problem, as carrier phase provides only relative position
information. This work introduces and studies a multi-band
CPP scenario with intra- and inter-band carrier aggregation
(CA) opportunities across FR1, mmWave-FR2, and emerging 6G
FR3 bands. Specifically, we derive multi-band CPP performance
bounds, showcasing the superiority of multi-band CPP for high-
precision localization in current and future mobile networks. A
wide collection of numerical results is provided, covering the
impacts of the available carrier bandwidth, number of aggregated
carriers, transmit power, and the number of network nodes.
The offered results highlight that only two carriers need to
be aggregated to substantially facilitate resolving the integer
ambiguity problem.

Index Terms—Positioning and sensing, carrier phase positioning,
5G NR and 6G, Cramér-Rao lower bound, carrier aggregation.

I. INTRODUCTION

Carrier phase positioning (CPP) is known to enable precise
ranging, facilitating accuracies from sub-meter down to centime-
ter levels [1]. CPP methods are already well-established in global
navigation satellite system (GNSS) context [2], while the use of
carrier phase measurements has recently been explored also in
the 3" Generation Partnership Project (3GPP) standardization,
particularly in the context of 5G-Advanced, as an emerging
technology for enhanced positioning capabilities in mobile
terrestrial networks [3], [4].

In general, the core principle of CPP lies in accurately measur-
ing the carrier phase, enabling ranging precision within fractions
of a wavelength [1]. A key technical challenge in utilizing carrier
phase measurements is the integer ambiguity problem [5] which
results from the fact that the carrier phase does not reveal the
integer number of full wavelengths between the transmitter and
the receiver. Furthermore, in most systems, achieving strict time
synchronization between nodes is challenging, and clock biases
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Fig. 1. Multi-band CPP system model with K bands and M network nodes.

can impede accurate integer ambiguity estimation in single-point
positioning [6]. The integer ambiguity problem can be addressed
by combining phase and time measurements, while network-side
hardware impairments, such as clock bias and phase offsets, can
be mitigated through double-differential measurements, which
require a reference receiver at a known location [7], [8]. In
the context of 5G New Radio (NR) mobile networks, the CPP
has been recently studied in [3], [9], [10], with main focus
on single-band measurements and signal processing algorithms.
Specifically, [10] exploited inter-BS carrier-phase measurements
to achieve accurate network-side synchronization, which is a key
requirement for solving the CPP problem. The authors further
studied multi-snapshot CPP in dynamic scenarios, accounting
for cycle slips in phase tracking. Additionally, [11] introduced
and derived performance bounds for localizing a user equipment
(UE) under a mutual clock bias using time-of-arrival (ToA) and
phase measurements, focusing again on the single-band scenario.

In parallel, carrier aggregation (CA) is a key technology in mo-
bile networks, enabling the aggregation of fragmented spectrum
resources [12] for increased data rates. The NR CA mechanism
applies to FR1 (sub-6 GHz) and FR2 (24.25-71 GHz), support-
ing various band combinations. Additionally, new spectrum is
expected to be allocated for 6G networks within the 7-24 GHz
range (FR3), which balances wider bandwidth, lower attenuation,
and reduced hardware costs [13]. Importantly, CA can improve
also the achievable positioning accuracy as it enlarges the
effective bandwidth by combining positioning reference signals
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(PRSs) from multiple component carriers [14]. To this end,
[15] proposed joint estimation of ToA using reference symbols
obtained from multiple frequency bands, while [16] demon-
strated that a multi-band mechanism can create a virtual large
frequency aperture, enabling improved multipath resolution,
which is a major challenge in positioning problems. Similarly,
[17] proposed a CA-based integrated sensing and communication
mechanism for improved sensing performance.

In this work, inspired by the cellular CA technology and the
clear demand for super-resolution positioning, we study and
investigate the multi-band CPP problem illustrated conceptually
in Fig. 1. We cover multi-band phase measurements in both
intra-band and inter-band CA scenarios, while consider all
the three frequency ranges (FR1, FR2, and FR3) that are of
interest in 3GPP. We address the multi-band CPP from the
fundamental performance bounds perspective, and the key
technical contributions of this work can be stated as follows:

o We formulate a model for the delay and phase observations
in a multi-band multiple-base station (BS) downlink
transmission, explicitly highlighting the integer ambiguity
problem;

o We introduce and derive the so-called mixed-integer Cramér-
Rao bound (MICRB), specifically tailored for the considered
multi-band observation model. This provides the fundamen-
tal position error bound (PEB) for multi-band CPP;

o We offer a large collection of numerical results and the
corresponding numerical performance bounds, covering
the impacts of the carrier bandwidth, number of aggregated
carriers, and the number of network nodes or BSs;

o We utilize the derived bounds and the numerical results to
provide insight on the multi-band operation impacts on the
feasibility of obtaining the integer ambiguities and exploiting
carrier phase measurements for positioning. Importantly, the
bounds reveal that aggregating only two carriers is already
largely relaxing the integer ambiguity problem.

The rest of the paper is organized as follows. Section II
presents the CPP system model with the delay and carrier phase
measurements. Section III introduces the multi-band observation
model and derives the fundamental bounds. Section IV provides
numerical results under various scenarios, and validates the
tightness of the bounds. Finally, Section V concludes the paper.

II. MULTI-BAND CPP SYSTEM MODEL

We consider a scenario with a single UE and M > Ny +
1 BSs, where Ny € {2,3} represents the dimension of the
position coordinates (i.e., 2D or 3D positions, respectively).
The UE has an unknown position x,. € RV and is subject
to clock bias wrt. the BSs. We further assume that the BSs
are mutually time- and phase-synchronized and have known
locations Ty, € RNa, Terminology-wise, we note that we
use the notion of 'BS’, however, the system model is also
applicable with distributed transmission/reception points (TRPs)
of a single BS — or similarly with TRPs or antenna points
of a future cell-free or distributed MIMO (D-MIMO) system.
Moreover, for simplicity, we assume that any frequency offsets

among all entities have been corrected, for example based on
channel acquisition approaches, such as those proposed in [18].

At the k-th band, each BS transmits a unit-modulus OFDM
reference signal for M OFDM symbols, e.g. 5G PRS, over Ny
subcarriers with spacing Ay j and transmit power Py . The
reference signal transmission of the M BSs are orthogonalized,
with each BS utilizing different subcarriers per OFDM symbol
following the classical comb structure. At the UE side, the
frequency-domain received signal from m-th BS and k-th band
under the ideal line-of-sight (LoS) condition is given by [19]

Ym,k = Es,kam,kd<7—m,k) + W,k (1)

such that y,,, x € CN**1. Herein, B = Pix/(NkAyy) is
the energy per subcarrier, oy, ; = pmke_j Vrm & represents the
complex channel gain in which p,, ; captures the effect of
path loss and transmitter and receiver antenna gains, ¥, i is
the carrier phase, 7,, , is the ToA, and d(7,, 1) is the channel
response of the m-th BS for the k-th band with [d(7,, 1)) =
e~92mnAskTmk for n € {0,+++ , N, — 1} — (N — 1)/2, and
k € {1,...,K}. The additive white Gaussian noise (AWGN)
W, € CYe! has the statistics Wy, ~ N(0,021), where
o2 is the noise power spectral density. The noise vectors for
different bands or BSs are assumed to be independent.

Due to the mutually-synchronized BSs, the ToA and carrier
phase measurements across multiple frequency bands and BSs
characterize the geometric relationship between the UE and
the BSs as follows [20]

1
Tm,k = 7£m + Buc (2)
c
2T
ﬁm,k = Tﬂm + 27rfc,kBue + ¢ue,k (3)
k
where £,, = ||@us,m — ®Tuell is the actual distance between

the BS and UE, B, is the clock bias of the UE relative to the
network/BSs clock that is propagated to both the time and carrier
phase measurements, and ¢y i is the phase offset of the UE that
is assumed to be band-dependent. Furthermore, f. = ¢/\x
is the carrier frequency of the k-th band, with A; denoting the
corresponding wavelength, and c is the speed-of-light.

The considered CPP mechanism follows a two-stage process.
First, the ToA and carrier phase are estimated from ¥, 1, as
Tm,k and 1§m7;€. Then, these estimates are used to determine
the UE position. Note that @mk is an estimate of i—:fm +
27 fe i Bue + ¢ue,; modulo 27r. Hence, we can express the ToA

and phase observations as distances Yr ,, k = Tm,kx X ¢ and

A .
Y9,mk = Um,k X 5%, given by

“
&)

Yrom,k = Km + Buec + Wr.m,k
Ak
2w

Herein, z,,, € Z is the unknown integer ambiguity, with

Y9,m,k = em + Buec + Zm,k)\k: + ¢ue,k + Wy, m, k-

the actual value given by z,, = — {(;—T’jﬁm,k + wg’m,k)/)\kJ,
where | |” returns the greatest integer less than or equal to
its input. The terms w; ,, 1 and wy ,, 1 represent zero-mean
Gaussian noise affecting the ToA and phase measurements,
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respectively. Both terms are expressed in the distance domain,
and are independent of each other. By deriving the Fisher
information matrix (FIM) for the observation model (1) wrt.
Tm,k and ¥, 5, it can be shown that the lower bounds
for the covariances of w; ., and wy m, j read Uim,k ~
3¢/ (2ymam* W) and 03, 1 = AL /(8 Ym k), respectively
[11]. Herein, vy x = NiEsrp?, /02 is the signal to noise
energy ratio, called SNR from now on, where Wy, = NyAg
is the available passband width at band k.

By gathering the observations from different BSs and
frequency bands, we define y = [y;r , yg ] " where both Yr
and yy are structured as Yu = [Yu,1,1, Yw,2,1,- - - > Yu. M, K| €
R*M>1 The superscript ”T” stands for transpose. Similarly,
we build the effective noise vectors w,, wy by gathering
Wrm,k and wy , k., respectively. Their corresponding diagonal
covariance matrices, X, and Xy, are defined as X, =
diag([0? 11,0291, ---,02 15" )» Where “diag” generates a
diagonal matrix from its vector input. We further introduce
n = [sT,zT]T € REHNatDx1 5 ZEMX1 a9 the unknown
parameter vector, where z = [21,1,22,1, ..
s = [mIe,Bue, Ie}T and Pue = [Pue1,- - -

III. MULTI-BAND CPP PERFORMANCE BOUNDS
A. Multi-band Observation Model

To initiate the MICRB derivation, we first organize the
stacked delay and phase observations building on (4)-(5) as

(6

where § = [wIe,Bue]T, Y = 53=ue ® Ly, € RFM¥1 and
”®” shows the Kronecker product. The matrix B is defined as
B = [0xuunn Al with A = diag([\r, -+, Ax] )@ I €
REM*EM The noise is stacked as w = [wj,wJ]T with
w ~ N(0yxnrv1, Xen), and X, = blkdiag(X,,Xy). Here,
”blkdiag” builds a block-diagonal matrix, while 0, 1, and I
denote all-0, all-1, and identity matrices, respectively. The
vector function f (8) is defined for its j-th entry as

. ,ZALK]T, while
T
7¢ue,K]

y=f(3) + Bz + Bo +w,

(N

We note that ¢ and z are not jointly identifiable, making
the system under-determined, but since both z and ¢ye
are eventually nuisance parameters, the state dimension can
be reduced by incorporating ¢yer into one of the integer
ambiguities of the k-th band. Without loss of generality,
by merging each ¢, with 21y, the reduced state vari-
ables for the k-th band become ¢4 = Pue.i + 21,5 and

27
(22,6 — 21,k - -

[f(g)]j = Hwbs,mod(jfl,k[)Jrl - wue” + Buec~

L2k — 21k T € ZM=DX1 1 Accordingly, (6)
can be reformulated using the combined parameters as

y = f(3)+ BEzq + B4 +w, (®)

where zg = Dz € Z¥®™-Yx1 denotes the multi-band differ-
ential (reduced-dimension) integer ambiguity vector, and the
combined phase offset is pq = Pq@1prx; € REMX1 with
¢a = [pa1, ++ ,Pax] . Both D and E are block-diagonal
matrices, with each block corresponding to a band. Matrix

D=1, [_1(1\/1—1)>< 1 I(M_l)} € REM-DXKM a0t as a differen-
tiator, reducing the dimension of the integer vector in each band.
On the other hand, matrix £ = I, ® [O(M,l)Xl I(M,l)]T €
REM>KM-1) ingerts a zero as the first row of each reduced-
dimension integer block. Now, we can collect all the real-valued

unknowns into f(s) = f(5) + Bq and rewrite (8) as

y=f(s)+ BEzq + w. )

This observation model serves as the basis of the MICRB
derivation!, in which with a sligpt change of variables, s is
redefined as s = [@ ), Bue, ¢4 | € REHTNat1x1,

B. Multi-Band Known-Integer and Mixed-Integer CRBs

For conventional estimation problems with ordinary real- or
complex-valued parameters, such as ToA-based positioning, the
Cramér-Rao bound (CRB) on the error covariance is obtained
from the inverse of the FIM [21]. Howeyver, in the CPP problem
at hand, the conventional FIM approach cannot be applied since
the derivatives in FIM calculation cannot be computed with
respect to integer-valued parameters. Instead, we derive and
compute the so-called multi-band mixed-integer CRB as follows:
We first assume that the relaxed integer ambiguities, considered
as ordinary real numbers, are given with the error covariance
equal to the CRB of the relaxed observation model. Next, to
incorporate the integer nature of the parameters into the bound
derivation, we find the integer least squares (ILS) estimation
of the ambiguities. This transforms the remaining part of the
problem into the real-valued domain, referred to as the known-
integer problem. However, any error in the estimated integer
ambiguities from the ILS stage introduces a bias in s. Thus, in
the final stage, we compute the MICRB as the lower bound for
the error covariance of a biased estimator of s, based on the
theoretical framework presented in [22].

As stated, we start by assuming that the real-valued relaxed
ambiguity variables are given, with an error covariance equal
to the corresponding CRB. Before proceeding, we ensure that
all parameters are identifiable in the relaxed observation model.
Using (8) as the baseline, the observation model with the relaxed

identifiable parameters takes the form
y = f(3) + Bzux +w, (10)

from which, by computing the CRB of z,iy, denoted by 3,
we can build the given real-valued ambiguities as follow

(11)

The detailed expression of 32,1, is provided in Appendix A. Next,
to eliminate o4 from z,1x, we multiply both sides of (11) by
D, yielding the differential observations of the form

2rlx - EZd + Pd + u, u-~ N(OK]\4X17EI‘1X)'

r=DEFEz3+ Dpg + Du = z4 + Du, (12)

It can be shown that the measurement model for double-differential
observations, obtained using a reference receiver at a known location, can be
rearranged into this form.
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which follow from the equalities DE = I and D4 = 0 (to
prove, consider the multiplications block by block). Finally,
we recover zq by solving the ILS problem, written as

24 = argmin (r —2q)S ' (r —2q), S=DZ, D. (13)

2q CZK(M-1)x1
which can be solved by standard algorithms such as well-known
LAMBDA method [23].

In general, any error in z4 leads to a bias in s. To determine
this bias, we linearize (9) around s, which yields y = f(s) +
Afds+ BEzq+w, where Ay = V, f(s) € R**Mx(KHNatD
is computed at the true value of s. In the absence of any error
in zg, i.e., when 24 = 24, the WLS estimate of s is given by

— te—
2P AN (y - f(s)

which is an unbiased zero-mean estimator. However, if there
is an integer error & in the solution to the integer program
(13), such that 24 = zq + 6., the resulting estimate ds will be
biased. This bias, which also reflects the bias in s, is derived
from the structure of (14) and is given by

b(s|d.) =

Now, the observation model is turned into a known integer
one, i.e., no integer unknown remains. In order to compute the
MICRB, we first note that when the estimators of s are biased
with bias b(s|d.), the corresponding lower bound of the error
covariance, accounting for this bias, is given by [22]

Smi(s]d.) = (3|‘52)b(3‘52?‘*‘(I"‘Ab)Eknown(I"‘Ab)—r
where Ay =

Vsb(s|d,) € RE+NatDOx(K+Nat+D T the usual
case that the bias is not very sensitive to s, A, ~ 0, and Xynown
represents the ultimate lower bound on the error covariance
for the measurement model in which the reduced-state integer
ambiguities, z4, are known. The detail formulation of Jy,own =
Ekn‘l)wn can be found in Appendix B. The corresponding bound
is called known-integer bound in the following.

Finally, the proposed MICRB can be obtained by taking the
expectation with respect to the integer ambiguity error as

6s = (T — BEz,), (14

Ay’ BES. (15)

C

—(E

(16)

i (5(8L")

Si(s) = Es. [zmxswz)} ~ a7
where N, is number of Monte-Carlo simulations. As repre-
sented in (17), the expectation can be numerically computed
using Monte-Carlo simulations. Since (13) is invariant wrt.
z4, the Monte-Carlo approach simplifies to generating Ny,
samples of a Gaussian n01se r( ~ N(0,S), and directly
determining the estimate s A( ) using (13). Hence, the
floating solution of the original problem is actually not needed
to obtain the MICRB. Finally, 3i(Zue) = [EZmi($)]1:n,,1:N,-
Overall, computing the MICRB requires only the geometry
matrix Ap, along with 3, 3¢, and Xy, own-

The derived MICRB explicitly accounts for the integer
nature of the CPP problem and thus provides a more realistic
benchmark for practical estimators. The dominant compu-

tational burden of the MICRB arises from solving integer
problem (13), which must be performed across multiple
Monte-Carlo trials. For integer ambiguity resolution, the
LAMBDA method has an overall computational complexity of
O((K(M —1))3 + k5EM=1) where 1 < x < 2. Specifically,
the first complexity term corresponds to the decorrelation
(reduction) stage, while the second term corresponds to the
search stage [23]. This computational cost scales linearly with
the number of Monte-Carlo trials, Nyc.

C. Multi-band Delay-Only Reference Bound

As an important benchmark, besides the known-integer
bound, we consider the bound for the observation model that
exploits only the ToA measurements and thus drops yy. In

this case, the unknown parameters will be s = [mze, Bue] T,
and the corresponding FIM can be formulated as
UJ, 0" U diag(J ;)

J = _ 18

€T (U diag(J,)T tr(Jn)e | (18)

where J,=3" Lt is the trace operation, and U 1,,.®

= lixxk
U e RNexX¥M denotes the transposed Jacobian of [f(8)]1.x
WIt. Tye, With U = [ug,ua,...,up], and g, = (Tye
—1

wbs,m)/gm delay 13Nd71:Nd.
This lower bound is greater in value than the known-integer
bound since it disregards the phase measurements. Thus, the
difference between the delay-only bound and the derived
known-integer and mixed-integer bounds tells the potential
performance gains available through the phase measurements.

. Then, we obtain Mgelay (€ue) =

IV. NUMERICAL RESULTS AND INSIGHTS

We next investigate and evaluate the derived multi-band CPP
bounds in a concrete network deployment context. We consider
an example physical scenario where the UE is fixed at the
location &, = [00] T, while M BSs are randomly located in the
surrounding 2D space with @y, ~ N(0, (0.1km)?I,,,). The
following default system parameters are utilized, unless other-
wise stated: subcarrier spacing Ay ;, = 30 kHz, N;, = 612 active
subcarriers, noise power spectral density of —174dBm/Hz, a
receiver noise figure of 13 dB, and M = 6 BSs. We model the
magnitude of the channel gain as p,, k = Aver/(47¢,,) With
Aref = 3 cm. Therefore, we assume that transceiver array gain
essentially compensates the dependence of the path loss factor
on the center-frequency. The default per-band transmit power is
Pix 1, = 0dBm. As the default carrier frequencies at different
bands, we use f. = 3.5 GHz (FR1), f. = 28 GHz (FR2), and
fe = 12 GHz (FR3), unless otherwise stated.

To assess and compare parameter impacts, we use the metric
PEB = /tr(2,(zye)) for all the mixed-integer, known-integer,
and delay-only cases. The proposed MICRB given in (17) is
computed over Ny, = 1000 Monte-Carlo samples.

A. Carrier Frequency and Multi-band Measurements

We start by illustrating the impact of carrier frequency while
also comparing the single-band and dual-band scenarios. The
results are shown in Fig. 2. In the single-band case, f. varies,
whereas in the dual-band case f. ; is fixed and f. o varies. The
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Fig. 2. Impact of the carrier frequency on the different PEBs. For the single-
band case, a doubled per-band power with Py ;, = 3 dBm case is also shown
for comparison and fairness. The different bounds are distinguished by colors,
while the different scenarios are indicated by markers.

delay-only PEB (PEBgclay) appears unaffected by the carrier
frequency, as it primarily depends on SNR and bandwidth rather
than the frequency (assuming a constant SNR across bands). In
contrast, the known-integer PEB (PEBy,,own) — plotted only for
the dual-band case for readability of the figure — improves with
increasing carrier frequency since shorter wavelengths reduce
the power of the measurement noise in (5). In mathematical
terms, PEBynown 1S governed by Xy, which improves as A
decreases. For the higher values of f. o, the influence of f.;
disappears, and both dual-band cases coincide.

Furthermore, the behavior of the proposed mixed-integer PEBs
(PEB,,;) reveals additional insights. In the single-band case, the
PEB,,; curves converge to PEBy,own for carrier frequencies
below f.1 = 9GHz (duplicated power) and f.; = 5GHz
(default power). This means that the reduced-state ambiguities
are correctly resolved in these frequency ranges. At higher
frequencies, however, the curves diverge since shorter wave-
lengths lower the probability of correct ambiguity resolution.
In other words, the integer problem in (13) becomes harder to
solve correctly at higher frequencies. Hence, practical estimators
cannot be expected to achieve accurate ambiguity resolution
in this regime. In the dual-band case, unlike the single-band
scenario, no divergence is observed, and PEB,,; coincides with
PEBimnown across all f. o values. This robustness stems from the
increased number of informative observations, which enables
more reliable ambiguity resolution. Even when f.; = 28 GHz
and f.o > 100GHz , we still have PEB,; = PEBinown.
Therefore, a statistically efficient estimator is expected to
accurately resolve the integer ambiguities.

Next, Fig. 3 illustrates the combined effect of carrier frequency
and the number of measurement bands, K. To fairly assess
the impact of the number of bands, we maintain constant sum-
power of K x Pix j, = 0dBm for any given K. For K =1, all
curves correspond to f. 1 = 3.5 GHz, while when K increases
from 2 to 10, we include sequentially the following carrier
frequencies in the different bands: FR1: [3.6:0.2:5.2] GHz,
FR2: [24:1:32] GHz, and FR3: [8:0.5:12] GHz. Thus overall,

10°
& & 4 & § - & § i

107! PEB Delay-Only -+-FR1||
PEB Mixcd-Integer | ~@-FR2
PEB Known-Integer |-E-FR3

=

10—° I I I I I I I I
1 2 3 4 5 6 7 8 9 10

Number of Bands, K

Fig. 3. PEB vs. the number of measurement frequencies, K. In all cases,
the first carrier frequency (fc,1) correspond to 3.5 GHz, while the additional
frequencies follow the frequency ranges indicated in the text. The total transmit
power is K X Piy p = 0dBm for all the cases. The different bounds are
distinguished by colors, while the different scenarios are indicated by markers.

FR1 adopts intra-band CA, while the other cases correspond
to inter-band CA. Now, as can be observed in Fig. 3, the
PEBgelay remains constant because the increased number of
measurements is offset by the reduced transmit power per band,
as K increases. In contrast, PEBy,own and PEB,,; improve
for two reasons. First, having more bands introduces additional
measurements that contain new information about the location,
as the integer ambiguities differ across bands. This effect is
especially noticeable when increasing from a single-band to
dual-band. Second, the higher carrier frequencies of the added
bands tighten the bound, as previously discussed in Fig. 2. For
K > 2, PEB,y; coincides with PEByown.

B. Carrier Bandwidth

We next examine the effect of increasing the carrier band-
width by increasing the number of subcarriers. As shown
in Fig. 4, the improvement in time resolution due to the
increased bandwidth improves PEBgc1ay across all cases. How-
ever, PEBy,,wn remains nearly constant, as phase estimation
accuracy is largely independent of the bandwidth. In single-
band FR2 and FR3, smaller bandwidths lead to higher mixed-
integer PEB due to two factors: the high delay measurement
errors and severe integer ambiguity errors caused by the shorter
wavelengths in these frequency ranges. By comparison, in
the single-band FR1, the smaller integer ambiguities and
easier integer resolution compensate for the higher delay-
only error covariance, allowing PEB,,; to fully converge to
PEByown. On the other hand, in dual-band scenarios, PEB,;
curves coincide with PEBy,,wyn curves and are tighter than
single-band FR1, due to the increased number of independent
observations and aggregation with higher frequencies.

From Figs. 2 and 4, three key insights emerge: (i) Higher
frequencies are advantageous when the setup allows for accu-
rately resolving the integer ambiguities; (ii) Lower frequencies
are more effective when the signal characteristics, such as
low bandwidth, prevent accurate ambiguity resolution at high
frequencies; (iif) The multi-band mechanism balances these two
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Fig. 4. Impact of the carrier bandwidth, W, on the PEBs. In the single-band
cases, the per-band power Py . is doubled compared to that of dual-band
cases for a fair comparison. The different bounds are distinguished by colors,
while the different scenarios are indicated by markers.
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different bounds are distinguished by colors, while the different scenarios are
indicated by markers.

behaviors and improves ambiguity resolution over a broader
range of the involved parameters.

C. Power Budget

Next, we examine the impact of transmit power on the PEB
performance. Additionally, we account for the practical aspect
of greater bandwidth availability at higher carrier frequencies,
with details as shown along the caption of Fig. 5. To this end,
as observed in Fig. 5, increasing the transmit power enhances
the SNR, which in turn improves both PEBgejay and PEBynown,
exhibiting a nearly straight-line behavior on the logarithmic
PEB scale as a function of FPix 5 (in dBm). The behavior of the
different PEB;; curves aligns with the earlier observations in
Fig. 2. This plot further reinforces the motivation for utilizing
multi-band measurements, as a given PEB level can be reached
with substantially smaller transmit power — the difference being
in the order of 10dB. Such is a major benefit from the power
consumption perspective.

10! : ‘ ‘
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%

Number of BSs, M

Fig. 6. Comparison between the multi-band and single-band fusion approaches
while also varying the number of base-stations, M. The per-band power is
Piy , = 0dBm in all the cases. The different bounds are distinguished by
colors, while the different scenarios are indicated by markers.

D. Comparison to Single-band Bounds and Their Fusion

We next compare the single-band bounds proposed in [11],
their fusion across bands, and the proposed multi-band bounds
in our work. To obtain the fusion of separate single-band cases,
we sum up the effective portions of the FIMs for each band
and then compute the corresponding covariance matrices. The
effective portion is used because each band has distinct phase
offsets, and summing the FIMs is meaningful only for parameters
shared across bands (i.e., user coordinates and clock bias). Each
effective FIM is obtained in closed form by computing the Schur
complement of the block associated with the phase offsets, which
corresponds to the inverse of the upper-left (Vg + 1) x (Ng+ 1)
block of the covariance matrix.

As shown in Fig. 6, the PEBy,own and PEBgelay bounds
are identical in both the multi-band and the band-fusion
cases, since different bands provide linear measurements with
independent noise and real-valued phase offsets which are
solved independently for each band. Therefore, the multi-band
FIM is equal to the sum of the individual FIMs. However, for
PEB,.;, since the integer ambiguities are interrelated across
the bands, the proposed multi-band bound combines the infor-
mation coherently, enabling better ambiguity resolution and
yielding a tighter bound than the band-fusion case. The effect
of the number of BSs, M, is also assessed and highlighted.
While increasing M generally improves performance, the
improvement is not strictly linear due to the randomness in
BS placement. Importantly, the multi-band mixed-integer PEB
reaches convergence with fewer BSs than the other cases.

V. CONCLUSION

This work addressed multi-band carrier phase positioning,
integrating both intra-band and inter-band carrier aggregation
to enhance positioning accuracy. We introduced and derived the
so-called mixed-integer CRB (MICRB), specifically designed
for multi-band carrier phase positioning. As critical performance
benchmarks, we also derived the lower bounds for delay-only and
known integer ambiguity cases. The analysis highlights the ad-
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vantages of multi-band positioning measurements, demonstrating
their ability to improve localization accuracy over single-band
approaches — particularly in resolving integer ambiguities and
thereby reducing positioning errors. Additionally, we showed the
impacts of different carrier frequencies, bandwidths and number
of BSs, offering valuable design insights for next-generation
positioning systems. Notably, it was shown that aggregating
only two carriers already yields significant gains in resolving
the ambiguity problem. Our future research will cover sensitivity
analysis to practical aspects such as multipath propagation and

hardware impairments such as network side clock imperfections.

In this context, the robustness gains offered by the multi-band
mechanism can be further investigated. Additionally, dynamic
user scenarios incorporating phase tracking and posterior bounds
will be explored. Finally, and importantly, efficient estimation
algorithms reaching the derived bounds will be pursued.

APPENDIX A
MULTI-BAND RELAXED INTEGER AMBIGUITY BOUND

We consider z,ix as a real-valued parameter vector in (10).

Accordingly, the unknown parameter vector is defined as
n=[8", 21 |" € REM+ENat1)x1 By applying the Schur
complement to the corresponding FIM, it can be shown that
the lower bound for the error covariance of z,, € R¥*! ig
then of the form

Sk = A*1(219 + (U7 elerri] d‘eﬁdy[clU DAl. (19)

1IX KM

Note that A, ﬁ and Jgelay are already defined in (6), (18).

Furthermore, for observation model (10), it can be shown that
the CRB of s is the same as the delay-only case in (18).

APPENDIX B
MULTI-BAND KNOWN INTEGER AMBIGUITY BOUND

When z4 is known in (8), the FIM of s is given by

UJUT  Udiag(J) UJyAT
Jinown= |c(Udiag(J))  tr(J)c?  c(Adiag(Jy))'|, (20)
AUJy)  cAdiag(Jy)  AJgA"

where J = Jy+J,, and J, =371, A=diag([\1,... \g]T)®
1., € RE*XM_ Taking the inverse of Jyuown, the CRB on
the position reads as Xyown(Tue) = [Jknown]f:}vd,h N,
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